ABSTRACT: We examined the role played by temperature in the duration of incubation and sex ratio of green turtle hatchlings at Ascension Island, one of the most important green turtle rookeries in the Atlantic. Temperature at control sites at nest depth and in 39 green turtle nests was measured using small temperature recording devices. The sex ratio of hatchlings was ascertained in a sub-sample of monitored nests allowing the description of the relationship between intranest temperature and hatchling sex ratio, demonstrating a pivotal incubation temperature of 28.8°C. The seasonal profile in sex ratio of hatchlings produced on all nesting beaches at Ascension Island was estimated, showing that a female-biased sex ratio would be expected with a female:male ratio of the order of 3:1. The use of nest temperature, air temperature, sand temperature at control sites, and incubation duration as proxies to estimate hatchling sex ratio are discussed.
INTRODUCTION
The sex ratio of offspring is a fundamental component of demographic studies. In contrast to other amniote vertebrates, where the phenotypic sex is determined at conception, many reptilian species, including sea turtles, show determination of the sex of the offspring to be dependent on incubation temperature during embryonic development; a process termed Temperature-dependent Sex Determination (TSD) (see Janzen & Paukstis 1991 , Mrosovsky 1994 and Ackerman 1997 for reviews). In marine turtles the temperature experienced during a thermosensitive period, thought to occur during the middle third of incubation, dictates the subsequent sex of the hatchling. Higher temperatures have been shown to produce a greater proportion of females, with cooler temperatures producing more males. The temperature at which an equal sex ratio is produced has been termed the pivotal temperature (Yntema & Mrosovsky 1980 , Miller & Limpus 1981 , Spotila et al. 1987 , Mrosovsky & Pieau 1991 .
Although the possibility for some degree of inter-population variation in patterns of TSD in at least some sea turtle species exist (Chevalier et al. 1999) , pivotal temperatures have been shown to be relatively conservative (Mrosovsky 1994) , usually lying close to 29°C.
TSD has been demonstrated in all marine turtle species: flatback turtles Natator depressus (Hewavisenthi & Parmenter 2000) , Kemp's ridley turtles Lepidochelys kempii (Carrasco et al. 2000) , olive ridley turtles Lepidochelys olivacea (McCoy et al. 1983 , and hawksbill turtles Eretmochelys imbricata (Mrosovsky et al. 1992 , Wibbels et al. 1999 . Three species have been more intensely scrutinised: the leatherback turtle Dermochelys coriacea (Mrosovsky et al. 1984 , Rimbolt-Baly et al. 1986 , Godfrey et al. 1996 , Binckly et al. 1998 , the loggerhead turtle Caretta caretta (Maxwell et al. 1988 , Mrosovsky & Provancha 1989 , 1992 , Maloney et al. 1990 ) and the green turtle Chelonia mydas (Miller & Limpus 1981 , Mrosovsky et al. 1984 , Spotila et al. 1987 , Godfrey et al. 1996 , Kaska et al. 1998 , Broderick et al. 2000 . A number of population-specific factors have been described as affecting nest temperatures and hence sex ratios of marine turtles. These include latitudinal variation, seasonal temperature changes, shading by vegetation, sand colour, episodic events such as rain, and depth of the eggs (Morreale et al. 1982 , Mrosovsky et al. 1984 , Mrosovsky 1988 , Hays et al. 1999 .
Ascension Island is unusual in that its beaches are not exposed to shading from vegetation or any other marked 'within-beach spatial variation' in temperature (Broderick et al. 2001) . Being a small land mass, Ascension Island experiences no latitudinal variation in temperature, and the prevailing climate means there is very little rain. Consequently, differences in temperatures among nests are mostly a result of 2 major factors: a marked seasonal cycle in temperatures (Hays et al. 1999 ) and the fact that, although it is small, sand of a wide range of different albedo are found, leading to starkly different thermal regimes in beaches situated very close together (Hays et al. 1995 (Hays et al. , 1999 . In addition, the rise in temperature as a result of metabolic heating of embryos has already been described for this site (Broderick et al. 2001) , and the temporal and spatial pattern of nesting have already been ascertained with a high resolution (Mortimer & Carr 1987 ). All of these factors, allied with its remoteness and conservation importance, make this site an excellent location to investigate the sex ratio of hatchling production in this species.
It is important to establish a rigorous methodology for determining hatchling sex ratios in marine turtles, since accurate values for this ratio are an integral step towards understanding the dynamics of populations and the adaptive significance of TSD. The fundamental aim of our study was, therefore, to establish the pivotal temperature for this population and, building upon previous work carried out at the site, to generate an overall estimate of the sex ratio of hatchlings produced within a season.
MATERIALS AND METHODS
Study site. This study was conducted during the 1998/99 nesting season on the beaches of Ascension Island, South Atlantic (7°57' S, 14°22' W). Although all nesting beaches were involved in the study, most data were collected from South West Bay (Beach 1), Long Beach (Beach 12), and North East Bay (Beach 27) (beach numbers as per Mortimer & Carr (1987) ; our Fig. 1 ). These 3 beaches have been shown to hold approximately half of all nesting on the island (Beach 1: 10.7%; Beach 12: 36.2%; Beach 27: 9.7%; , the remaining nests being recorded on another 22 beaches and coves.
Measurement of sand temperature at nest depth. Information on sand and nest temperatures was gathered using 'Tinytalk' data loggers (Orion Components Ltd, Chichester, UK) programmed to record synchronously at 4 h intervals. These data loggers were calibrated with a mercury thermometer of known accuracy (National Accreditation of Measurement and Sampling [NAMAS] certified to read ± 0.1°C of absolute temperature; Hays et al. 1999) . Data loggers were placed in the sand from 8 December 1998 until 7 June 1999, in 3 randomly selected control sites (not nests) within the nesting zone on each of Beaches 1, 12 and 27. Due to the risk of disturbance, as a result of the high density of nesting on these beaches, we protected the integrity study sites by hammering 4 stakes (>1m long) into the sand at the corners of a 4 m 2 area centred over the contol site. At least 30 to 50 cm of each stake was left above the surface of the sand. Loggers were placed at a depth of 77 cm, the mean depth of green turtle nests on Ascension Island (Hays et al. 1993 ). Dataloggers took < 4 h to equilibrate with the surrounding sand, and thus initial readings within this period were not included in analyses. Loggers were retrieved and offloaded every 2 mo throughout the season and replaced with a different data logger, so as to reduce the chance of logger or data were not monitored loss. The temperature at minor beaches was measured at nest depth using electronic temperature probes with calibration traced to NAMAS standard. This was undertaken at 15 sites (1 per discrete minor beach and 2 at each of 4 clusters of beaches) on 4 occasions during the season in January, February, March and April. To minimise the added variation introduced by any seasonal thermal effect, each set of measurements was carried out within 72 h of the others. Meteorological observations. To supplement control site data, meteorological observations (daily maximum and minimum air temperature) were obtained from the Royal Air Force Meteorological Office at the Ascension Island Airfield from 1 December 1998 to 31 October 1999.
Measurement of within-nest temperature. To monitor nest temperature, between 3 January and 4 June 1999, temperature loggers were placed in the centre of clutches of eggs as they were being laid (n = 13 clutches for each of the 3 study beaches). We did not actively select nest sites, but placed data loggers amongst the eggs of the first laying female that we encountered each night. The logger was placed into the middle of the clutch of eggs during oviposition and the female was allowed to cover and camouflage the nest without disturbance. Data loggers measured 5 × 5 × 3 cm (volume: 75 cm ; Hays et al. 1993) . After 45 d, each nest was checked daily at dawn for signs of hatchling emergence. Once hatchling emergence was underway, nest contents were excavated, and data loggers and hatchlings collected. Incubation duration was calculated as the number of days between the night of laying and the night the first hatchlings emerged.
Collection of hatchlings for sexing. Ninety-six live hatchlings were collected from 21 nests and their sex was determined using standard histological techniques (Yntema & Mrosovsky 1980 , Miller & Limpus 1981 , Billett et al. 1992 . Only live hatchlings were used, and when a large number of hatchlings were obtained, a random subsample was selected. For ethical reasons the number sampled was kept to a minimum.
RESULTS

Control site temperatures
The temperature at control sites on Beach 12 were taken as the calibration point for all others in the study as this was the single most important beach, hosting over 25% of the nests. Mean daily sand temperature at control sites on Beach 12 was found to be closely related to both maximum daily air temperature and minimum daily air temperature, with the strongest relationships being with minimum daily air temperature (Fig. 2 ). This allowed us to predict sand temperature on Beach 12 for the periods when we were not able to monitor control site temperatures (1 to 7 December 1998 and 8 June to 31 October 1999) with a high degree of accuracy. These data were spliced with the actual control temperature data to give temperature at control depths for all days when clutches may have been incubating (Fig. 2 ). There was no regular diel variation in control site temperature.
Nest temperatures
Excluding 1 nest that was disturbed by the digging of another female, all the study nests hatched successfully. However, due to high winds or heavy seas destroying hatchling tracks, we were not always able to determine the exact date of the first hatchling emergence of some nests and these were excluded from our analyses (n = 7). Reliable hatchling emergence dates and temperature data were ascertained for 32 nests. Laying dates, incubation duration, and summary incubation temperature data are presented in Table 1 . Mean temperature across the whole incubation duration ranged from 28.5 to 31.6°C (mean = 29.9°C) on Beach 1, from 29.0 to 30.0°C (mean = 29.5°C) on Beach 12, and from 31.5 to 33.6°C (mean = 32.2°C) on Beach 27 (Table 1) . Temperature in the middle third of incubation ranged from 28.7 to 31.3°C (mean = 29.5°C) on (Table 1) . There was no regular diel temperature variation in any of the nests.
Nest temperature and sex ratio
The number of hatchlings subject to sexing and the resultant sex ratio are given in Table 1 . Using maximum likelihood analysis (Girondot 1999) , an estimated pivotal temperature of 28.8°C for this population was the result (SD 0.17; ; Fig. 3 ). The equation to describe these results is (2) where T = mean temperature in the middle third of incubation. In addition, for comparison, data from other published studies are shown in Fig. 3 .
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Among-beach variation in sand temperature
Inter-beach variation in sand temperature has previously been attributed to sand colour or albedo on Ascension Island . Table 2 shows the relative importance of the different beaches and the mean difference in control site temperature versus mean temperature of Beach 12. The seasonal pattern of temperature has been shown to vary consistently among beaches (Hays et al. 1999) ; therefore, to generate seasonal profiles in temperature for all nesting beaches, the mean difference with coincidental temperature on Beach 12 for each site was subtracted from the temperature profile for Beach 12.
Modelling the seasonal profile in hatchling sex ratio
Using the data from this study we can develop a protocol for the whole colony at Ascension Island for an entire season:
(1) Establish the pivotal temperature for the population, which we have accomplished in this study.
(2) Describe the seasonal temperature at control site depths. We have done this for the major beaches in previous seasons (Hays et al. 1999) , and during this study we have gathered data to allow the pattern to be modelled for all beaches. (3) Quantify the level of metabolic heating by developing embryos during the middle third of incubation. This was accomplished by Broderick et al. (2001) , with the mean amount of metabolic heating during the middle third of incubation being 1.05°C.
(4) Through a combination of points (2) and (3) it is then possible to model the temperature of all nests during the middle third of incubation, regardless of date or location of nesting. For each clutch it was assumed that the middle third temperature would be sufficiently described by calculating the mean temperature from Day 19 to Day 37 of incubation, which is the middle third of incubation time for clutches with a median incubation duration of 55 d.
(5) Using the established relationship between mean temperature in the middle third of incubation and the subsequent sex ratio of hatchlings described here, it is then possible to model the expected temperature and thus sex ratio of any clutch regardless of its date or location nesting.
(6) Given the temporal distribution of nesting (Godley et al. 2001a, and Fig. 4a) , it is then possible to estimate the sex ratio of hatchling production for each beach (Table 2 ). Our estimates of hatchling sex ratio vary from 54% female for the very light coloured beaches (14 to 17), to > 99% female on the very dark beaches (27, 30 and 31). (Table 2) , it is then possible to estimate the overall sex ratio of hatchlings as 75% female for the whole colony for the season of study, a female:male ratio of 3:1.
Impact on reproductive output of individuals
There is marked seasonality in the magnitude of nesting (Fig. 4a) . This, coupled with the seasonal cycle of temperature (Fig. 2) , will make the sex ratio of progeny differ among females nesting at different times of what is shown to be a lengthy season. On Ascension Island, each female is thought to lay, on average, between 3 and 4 clutches per season, with a modal internesting interval of 13 d (Mortimer & Carr 1987) . If, for each of the 14 study sites, we model the likely sex ratio of hatchlings from 4 clutches of eggs, laid by females nesting at 13 d intervals, the sex ratio would show a marked seasonal pattern depending on when the first clutch was laid and the nesting site (Fig. 4b) .
Incubation duration, air temperature, and sand temperature in the prediction of sex ratio
In the generation of our estimate of hatchling sex ratio, we have used a combination of both air temperature and control site sand temperature to predict nest temperatures, and thus sex ratios, for the whole season. Quality of performance of these methods is worthy of consideration. For all 32 nests in which the sand temperature was known (Table 1 ; mean temperature in middle third of incubation ± SD: 30.3 ± 1.6°C, range 28.1 to 33.5°C), we estimated the sand temperature in the middle third of incubation by:
(1) Calculating predicted control site temperature on that beach during the middle third of incubation and then adding 1.05°C to account for metabolic heating (estimated mean temperature in middle third of incubation ± SD: 30.4 ± 1.4°C, range 29.7 to 30.4°C).
(2) Estimating control site temperature on Beach 12 during the middle third of incubation from minimum air temperature (Eq. 1), and then adding the beachspecific correction (Table 2 ) and 1.05°C to account for metabolic heating (estimated mean temperature in middle third of incubation ± SD: 30.3 ± 1.4°C, range 29.4 to 30.2°C).
There was no significant difference among the means of these 2 estimates or the actual mean temperature in the middle third of incubation (ANOVA, F 2,93 = 0.07, p = 0.93), and there was no difference in the mean estimated sex ratio derived from these 3 data sets when calculated using Eq. (2) (ANOVA, F 2,93 = 0.6, p = 0.54).
Incubation duration was found to be closely related to both temperature throughout incubation (Eq. 3: Incubation duration [ID] in days = -2.18 × mean temperature throughout incubation + 123; r 2 = 0.45, F 1,30 = 24, p < 0.001; Fig. 5a ), and temperature in the middle third of incubation (Eq. 4: ID = -1.67 × mean temperature in middle third of incubation (T) + 107; r 2 = 0.35, F 1,30 = 16, (Table 1 ) and the solid line is the relationship derived from maximum likelihood analysis of these data (Eq. 5) p < 0.001; Fig. 5b ). These data confirm incubation duration may be used as a proxy for nest temperature. When incubation duration was entered into the maximum likelihood analysis as a predictor of hatchling sex ratio, an estimate of a pivotal duration of 61.4 d resulted (SD 1.0; likelihood = 1.4 × 10 -9
; Fig. 6 ). The equation describing the results from this analysis is (5) where ID = incubation duration (d).
DISCUSSION
Previous studies have tended to establish the pivotal temperature by collecting eggs from beaches and then incubating them in constant conditions of temperature and light in the laboratory (Marcovaldi et al. 1997 . Such an approach is particularly pragmatic for smaller species, where nests are shallow and may have a complicated thermal environment including marked diel fluctuations in temperature (Georges et al. 1994 , Hanson et al. 1998 , Kaska et al. 1998 ). However, green turtles at Ascension Island are large and lay deep nests which, consequently, have no regular diel thermal fluctuations, and hence the thermal environment tends to lack marked short-term changes (cf. Broderick et al. 2000 , Booth & Astill 2001 . Our results conclusively show that the thermal environment within nests at Ascension Island can be strongly related to the incubation temperature and produce a pivotal temperature (28.8°C) very close to those reported elsewhere (Miller & Limpus 1981 , Standora & Spotila 1985 , Spotila et al. 1987 , Kaska et al. 1998 , Palaniappan 1998 , Broderick et al. 2000 . When the available data from all of these other studies is viewed in conjunction with our data (Fig. 3) , it can be seen that, although interpopulation differences in the mechanism of TSD may exist (Chevalier et al. 1999) , the trait is relatively conservative in this species, with among-population variance approximating that of the data in our study at Ascension Island.
Our estimate of the overall sex ratio of hatchling production at Ascension Island as 75% female is similar to the 67% at Tortuguero, Costa Rica (Standora & Spotila 1985 , Spotila et al. 1987 ) 68% (note that this is a 14 yr average; interannual range: 20 to 90%) at Suriname (Godfrey et al. 1996 ) and the 52.9% (shaded) to 85.4% (open beach) in Malaysia (Palaniappan et al. 2000) . These all contrast markedly with the studies of Mediterranean green turtles (Broderick et al. 2000 , Casale et al. 2000 , which have suggested sex ratios extremely skewed towards females. It would appear that overall, although hatchling sex ratios in Atlantic populations of this species may be generally skewed towards females, this is not to the same level as the loggerhead turtles in the region (Mrosovsky & Provancha 1989 , 1992 , Marcovaldi et al. 1997 .
This study has allowed us to compare methodologies for estimating sex ratios of hatchling production. When calibrated with nest temperature, both air temperature and sand temperature at nest depth have utility in allowing the prediction of nest temperature and thus sex ratio. There was a closer relationship between mean temperature for the whole incubation duration and incubation duration than between mean temperature during the middle third of incubation and incubation duration. A similar difference was found in green turtles in Northern Cyprus (Broderick et al. 2000) , and it was attributed to the fact that incubation duration is an integration of developmental rates throughout incubation and more likely to be dictated by the thermal regimes throughout the period. However, in the Ascension sample, much less variation is explained by this relationship, suggesting that further investigation of this aspect would be necessary before incubation duration could be used to estimate seasonal patterns in sex ratio of hatchling production in this population. If nests incubate at different temperatures at different parts of their incubation as a result of seasonal changes in sand temperatures, variance can be introduced which would detract from the utility of this technique when compared with intranest temperature logging or using carefully calibrated air or sand temperature data.
By measuring nest temperature using only 1 logger in the middle of the clutch, intranest temperature differences may be overlooked. We have limited data (6 clutches in which data loggers were placed at the top, middle and bottom of the clutch; authors' unpubl. data) showing that within-nest differences are not great (mean 0.45°C, range 0.1 to 0.9°C), and temperature loggers placed in the middle of the clutch are therefore representative of the temperature of the vast majority of eggs. Similar findings were found by Booth & Astill (2001) . The strengths of such an approach are that it incorporates variation resultant from inter-nest differences in depth, moisture and seasonal cycles in sand temperature. This methodology is also important because it involves a relatively large sample of clutches from different individuals and incorporates possible among-individual genetic differences in the mechanisms of TSD, a factor which laboratory incubation of eggs from a few clutches cannot account for.
The possibility of interannual variability, in both the seasonality of breeding and meteorological factors, as introducing variability in sex ratios of hatchling production is one which has been previously highlighted as a source of error in similar studies (Mrosovsky et al. Pr .
exp . 1984, Godfrey et al. 1996) . It is likely that the 1998/99 nesting season was not atypical in this respect, as seasonal thermal patterns have been shown to be markedly consistent (Hays et al. 1999 ) and the seasonality and spatial distribution of nesting appear to be highly similar among seasons (Mortimer & Carr 1987 , factors which are likely to result in similar sex ratios in different years. When undertaking a simple modelling approach, such as the one carried out here, we make several assumptions, which, although they are not likely to greatly bias our results, are worthy of mention. We assumed that on average the number of eggs in a clutch, the proportion of nests producing hatchlings and the proportion of eggs hatching did not vary systematically during the season. If the suggested female-skewed primary sex ratios continue to adulthood, a female-biased operational sex ratio would result. In this situation, if natal philopatry for both sexes is in operation, it might be a concern that there would be too few males to allow successful fertilisation of available females. There is no evidence to suggest an infertility problem leading to low hatching. Therefore, it would appear that the sex ratios produced are either balanced or adequate. The bias in sex ratio could be lowered by differentially higher mortality of smaller, less fit turtles (mostly females) from very warm, quickly developing nests as has been suggested in other groups (O'Steen 1998 , Packard et al. 1999 , Rhen & Lang 1999 . In addition, even if sex ratios are not balanced, there are several mechanisms which could act in concert to allow any bias to persist without a detrimental effect on fertility. First, males can mate with a number of females in a breeding season where extended residence of several weeks at the courting grounds has been demonstrated (Limpus 1993 , Hays et al. 2001b . Secondly, it has been suggested that males may undertake breeding remigrations with a greater frequency than females from the same population (Limpus 1993 , Pandav et al. 2000 .
Regardless of how the skewed sex ratios at Ascension Island and other conspecific nesting colonies in the Atlantic are balanced or maintained, given the temporal and spatial variability in hatchling sex ratios demonstrated at Ascension Island, the timing and location of nesting can have profound effects on the resultant hatchling sex ratio and therefore the fitness of the mother. Only females who commence laying very early or very late in the season will produce male-biased offspring. Given the seasonal distribution of nesting, peaking in March, with the highest air and sand temperatures, this is likely to be a very small proportion of the population. However, on average, most females will produce offspring of both sexes.
In conclusion, with this study we have demonstrated how we can reliably generate the sex ratio of hatchling production from a whole colony for a single season. This methodology could be used at other colonies, and it will now be possible to reconstruct historical hatchling sex ratios for this population. If these are relatively consistent then it is not difficult to imagine how factors such as differential mortality of hatchlings, multiple mating and variable remigration rates could account for such biases leading to a balanced or at least an adequate operational sex ratio.
